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Abstract

This paper investigates the theory of polarimetric passive remote sensing of wind-
generated sca surfaces and the potential application of polarimetric radiometry to occan
surface winds, The sinall perturbation method (SPM), derived to second order, is applied
to the Stokes vectors of the thermal cmission from random rough diclectrie surfaces de-
scribed by amisotropic directional spectra. To verify the accuracy of the SPM; a Monte
Carlo simulation is performed to caleulate the Stokes vectors of the emission from the
simulated one-dimensional random rough surfaces with a power-law spectrum for various
observation angles and surface parancters. The theorctical results of the SIPM for all four
Stokes paramcters arc in excellent agreement with the numerical results obtained from
the Monte Carlo simulation. Morcover, the sccond-order coherent fields are indispensi-
ble in the theoretical cvaluation of the third and fourth Stokes parameters. Otherwise,
the reflectivities of random rough surfaces would be significantly over-cstimated, and the
signs of the third and fourth Stokes paramecters would be incorrect. The SPM is then
applicd to sm»al]»sca]c sca swfaces deseribed by an empirical surface spectruim. T'heoreti-
cal model functions of the Stokes paramcters are illustrated, and the inversion of surface
wind vectors from polarimetric brightness data is investigated. The results indicate that
polarimetric radiometry allows wind vector measurements with only one azimuthal obser-
vation angle, which is made possible by the different azimuthal dependence between the
third Stokes paramecter and the first two Stokes paramcters. Radiometers with a single-
azimuth-obscrvation design will not only simplify the antenna-bean-scanming mechanism,
but also will be free from the complexity associated with the data co-registration required

for multiple-azimuth- observation designs.



1. Introduction

There has been an inercasing interest inthe microwave passive polarimetry of geophys:
icalmedia{Tsang, 1 991]. Theoretical talc.lllatimls for the Stokes parameters Of thetherimal
cimission have been presented for one- ditnensional periodic diclectric surfaces in [Veysoglu
ct al., 1 993], andfor one-dimensional occan- like rough surfaces witha prescribed power-law
speetrum in Y "uch and Kwok, 1992a; Johnson ¢t al.; 1 993]. The theorcetical predictions
were verified by the i casured Stokes paramecters of t hermn a] emission from ]seriodic soil
surfaces at X band [Nghiein et al.; 1 991], and mcasurcinents over water surfaces inpressed
with a fiberglass layer with a sinusoidal profile at Ku batid [Yuch et al.; 1 992] and at X
band [Johnson et al., 1992]. All the results show that the Stokes paramcters are functions
of the azimmuth angle between the observation direction and the corrugation direction of
surfaices.  However, further analysis and experiments are necessary for two-dimensional

rough surfaces.

Recently, it has been shown by tkin et al. {1991] and Wentz [1992] that the brightness
temperatures of horizontal and vertical polarizations, 1), and 7y, of occan surfaces vary
as functions of the azimuth angles. Ftkin et al. found the dependence of brightuess
temperatures on the azimuth angle during circle flights using their aircraft radiometers
for grazing angle (6 = 78°) obscrvations with A = 1.5 e and nadir viewing with A -
0.8, 1.5, and 8 cm. It was observed that the divectional dependence rapidly dropped with
mereasing clectromagnetic wavelength,  However, the measurcinents were not made for
the middle range of incidence angles, which is important for spacehorne applications when
spatlial coverage and resolution need to be considered together. In the results published by
Wentz [1992], the data investigated were collected by the Special Sensor Microwave/Iinager

(SSM/1), which is not capable of measuring the third Stokes parameter. After being co




registered with the buoy-measured wind vector, 73, and 7y at both 19 and 37 Gz were
found to be dependent on wind direction. The results indicate that the directional feature

of water surfaces contributes to the azimuthal variation of brightness temperatures.,

Besides thie above reported observations for 73, and 7y, Dzura et al. {1992] presented
the first evidence of the azimuthal variation of polariimetric brightness temperatures of sca
surfaces, though the measurements were made at normal incidence and only one case was
presented. Figure b in their paper showed that when the second Stokes paramecter (Fig. 5b)
rcached maximum, the third Stokes parameter (Fig. be) was nearly zero, and vice versa. No
explanation was provided in their paper for this observed signatures, whercas in this paper
we slhiow that for nadir obscervations the sccond and third Stokes parameters sho'u]d behave
like cos 2¢ and sin 2¢, respectively, which well explain the reported azimuthal signatures.
However, since only one example was reported, and since the results were collected at nadir
obscrvation angles, more extensive experiments and analyses of the azimuthal variations
of the Stokes parameters over wind speeds and incidence angles are required to evaluate

the applicability of polariinetric radiometry to occan surface winds.

In view of the recent observations, a theorctical analysis based on the SPM is pre-
scented in this paper to extend the theoretical calculations to two-dimensional random rough
surfaces to evaluate the contribution to polariietric cmissivitics from the small-scale sca
surfaces (capillary waves), which are the source of the Bragg scaticring at microwaves.
The SPM has been used previously to derive the sca surface emission at microwaves by
Wu and Iung [1972] for isotropic random rough surfaces. However, their theory predicted
no azimuthal dependence of brightness temperatures because the surface spectrun was as-
sumed to be isotropic. Furthermore, the third and fourth Stokes paramecters are expected

to be zero from their theory, unlike the results presented in this paper where we generalize
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the theory to random surfaces with ansotropic wavenumber spectra. Additionally, the
accuracy of the SPM for surface cinission is evaluated with results obtained from a Monte
Carlo simulation technique for one-dimensional rough surfaces. 1'his comparison has not
been presented in the literature to the authors’ knowledge, though quite a lot of work
has been done in verifying the SPM for occan surface scattering, in active remote sensing,.
Finally, we investigate the application of polarimetric radiometry for the retrieval of occan
wind field. The SPM is applied to the sinall-scale sca surfaces for developing the appropri-
ate form of the model function of the Stokes vector for sca surface cinission. We show that
it 1s possible to retrieve the wind vector using polarimetric radiometers with only one az-
imuthal observation angle (to be referred to as a “single-look polarimetric radjomecters”),
as opposcd to the two or more azimuthal obscrvation configuration proposed by Wentz,
[1992] with radiomcters measuring only the first two Stokes parammecters 7), and 7y. The
single-look design only requires a simple antenma-beam-scanning mechanisi, like that of
SSM/1, and docs not have the complexity of data co-registration required for multi-look

systems.

I Section 11, the theory of polarimetric radiometry is summarized and a polarimet-
ric version of Kirchhofl’s law is presented to relate the Stokes vector to the polarimetric
bistatic scattering cocflicients. Scetion 111 smimnarizes the results of the SPM derived to
sccond order for rough surfaces with anisotropic dircctional spectra. Section 1V compares
the results of the SPM with the Monte Carlo simulation technique for the polarimetric
cmission from one-dimensional random rough surfaces characterized by a power law spoc-
trum at varous observation angles. In Section V, the SPM is applied to the Stokes vectors
of thermal emission from the small-scale wind- generated sca surfaces deseribed by an cn-
Dirical wavenumber spectram for various wind speeds at an SSM/1 frequency.  Section

V1 discusses issues related to solarimetric radiometry for the occan- wind-vector retrieval




using only data with one azimuth look. Scction Vliswimmarizes the results of this paper
and discusses the ramaining issucs regarding the application of polarimetricradiometry for

occan wind vector retrieval.

11. Polarimetric radiometry

For microwave polarimetric radiometry, thermal cission is described by a Stokes

veetor with four paramcters
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where 19, and Iy are the horizontally and vertically polarized components of electric fields
as illustrated in Figure 1. The definitions of the h-pol, v-pol, and wave vectors are the same
as those usedin{Yuch et al., 1988]. The angular brackets denote the ensemble average of

the argument, and ¢ is a proportional corista nt [Yuel and Kwok, 1992 1)

Besides the above definition, an alternative definition of the Stokes vector has also

been widely used in remote sensing [Tsang et al., 198 5):
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Both definitions contain exactly the same information. 1 owever, this definition will render

a convenicnt representation in illustrating the cimission frows SHI[lI-scale sca Sill’faces at

near nadir observation angles in Section V1.

For the development of geophiysical model functions for spacchorne sensors, which
relate the amission parameters to the geophysical signatures, the Stokes parameters are
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usually expressed in the Fourier series of the azimmuth angle ¢. For wind-generated sca
surfaces, which arc our focus in this paper, reflection symmnetry is expected for the surfaces
with respect to the symmetry axis corresponding to the wind direction represented by
¢ = 0. (We will assmine that there are no strong swell components that are not aligned
with the wind). Because of the reflection symmetry, it is shown in [Yuch et al.,, 1993),
where the general polarimetric scattering and cinission properties of targets with reflection
symmnetry are presented, that 7 and  are even functions of ¢, whercas U and V oare odd

functions. Henee, to the sccond harmonics of ¢,

1~ 1y 11cos ¢ - 19 cos 2¢
Q >~ Qo Qrcosd- Qocos2g -
U~Upsing-| Ugsin2g

Vv Vising -+t Vo sin2¢

When there is no up- and down-wind asymnetry in the surface features, for examnple,
untilted small-scale sea surfaces, the speetral density of the swrface is symmetric with
respect to the origin, and the Stokes vector can be shown to consist of the following
syminelry

Is(¢) - Is(d 71) (3)

which implics that Iy = Qy = Uy = V; = 0. Henee, the Fourier serjes can be further
simplified to

I~ 1y 19cos2¢

Q =~ Qo+ Qycos2¢
(4)

U~ Usgsin2g

V e Vo sin 2¢)

Note that the above relations are derived purcely on the symmetry assumption, and arc

valid for any zenith angle 6, as long as the surface features do not have up- and down-wind

asymimetry.




I the following, we discuss how the emissivity of rough surfaces can be related to the
bistatic scattering cocflicients of the surfaces by the Kirehhofl’s law, whichi was originally
derived by Peake [1958] for any polarization for surfaces with a unifor temperature. By a
straightforward extension of Peake’s argument [Yuch and Kwok, 1992b], the Stokes vector
can be expressed in terms of the polariinetric bistatic scattering cocflicients. That 1s the
Stokes vector of the thermal cinission from the surface plus all the reflected downwelling,
unpolarized radiation should be unpolarized and with the same specific intensity, when the
surface is in thermal equilibriuim with the surroundings. Consequently, the Stokes vector

of the thermal emission from the surface with the surface temperature 7y s,
]s I ]Z - ]7' (5)

where I, is the Stokes vector for anunpolarized radiation

1
]

L. 1| (6)
0
and 7, corresponds to the total reflected radiation by the surfaces for the downwelling

racdiation. In terms of the polarimetric bistatic scattering cocflicients Ya v (scc Appendix

1) integrated over all the incident angles in the upper hemisphere, I can be expressed as
72 V 9 o 6: ’Yhhhh(gsq{’;(’)i» d’t) - 7111)/11)(0ad’;0ia¢i)
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Here, 8 and ¢ signify the zenith and azimuth angles of the observation direction.

111. SPM for anisotropic random rough surfaces

This scction presents the expression of the Stokes vector derived by using the second-
order SI'M for swrfaces with anisotropic directional spectra. The surface scattering problem
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is formulated by the Fxtended Boundary Condition method, which relates the surface
tangential fields to the imcident ficlds, Subscquently, the cquations for the surface fields
arc solved to sccond order by the perturbation method for small rms height. Here, we
summarize the results, and refer the readers to the paper by Yuch et al. [1988] for the

detailed formulation and derivation of the SPPM.,

A's the SPM is applied to random rough surfaces, the scattered field can be decomposed
: : N [ . .
imto colicrent and incoherent components. The zeroth-order scattered field is a coherent
field propagating in the specular reflection direction without de-polarizati o1y, characterized

0),

by the Fresnel reflection cocflicients Rgzh 1111(1]?.,(,9,) for horizon tal and vertical polarizations,
respectively. However, the first-order scattered field is incoherent and contributes to the
lowest-order incoherent bistatic scattering cocflicients. A's the S’M is derived to second
order for surfaces wit,]) anisotropic dircctional spectra, we find that the sccond-order scat-
tered field is coberent and gives a correction to the coherent reflection cocflicients of the
surfaces. Murthermore, tile Cross-] polarized components of the sccond- order coherentficld

are not zero when the incident direction is not aligned with the symmetry directions o f

surfaces.

In conclusion, the modified coherent reflection matrix with the zeroth- and sccond-

order fields considered can be written as

©) @ 7
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9) . . .
where R‘E.ﬂ is the reflected cocflicient of ‘o’ polarized component of the second-order scat-
tered field with ‘B> polarized, unit-amplitude incidence, and is related to the spectyal

density function W(ky, ky) by the following integral:

9 oo
E’[Z / / dhadlyW (hyi - ko kyi - k)i (2) (9)




where ky; and ky; are the transverse components of the incident wave vector, and the

. 2) . . . .
expression of f((}ﬁ) 1s given in Appendix 111

Additionally, the incoherent polarimetric bistatic scattering cocflicients due to the

first-order scattered ficld can be expressed as

. k2 cos? Ol oy by kg ki YW (ky - kggy by - kyi
’Y;\ﬂ/w((),dl;f)ialfi,-) - _47(}‘0 cos” 61 “ﬂ/“’(lg",l,,y’,l,,?“]y')M (ks a0 Y v ) (10)

cos b;
where kg is the free-space wavenumber, 0; and ¢; correspond to the zenith and azimuth
angles of the incidence direction, respectively. Likewise, 6 and ¢ represent the zenith and
azimuth angles of the scatiering direction, respectively. The expressions of ]‘Oﬂ.‘,,,, kay Ry,

kai and ky; are given in Appendix 11,

Giventhe above results, I, can be decomposed into I, and 1,4, the coherent and

incoherent reflectivities of surfaces, respectively. That is
Iy:dve -1 1, (1)

where 1, duc to the incoherent bistatic scattering cocflicients can be casily obtained from
Kq. (7) by replacing Yafpr With 7(2:ﬂ;1w and the coherent reflectivity vector, e, can be

writien as
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Note that ]f,“ﬂ and Vopy W€ of the same order secause both of themn are proportional to
Lo chectral denite 10 | 2) . |
the spectral density W. Hence, we remove the square of Ra/)’ m order to have the terms

included only up to the same order of magnitude.,
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I V. Comparison of the SPM with the Monte Carlo simulation for the emission from

1-Drough surfaces

Inorder to verify theaccuracy of the Stokes vector derived using the sccol]d-older
SPM for anisotropic randomn rough surfaces, we carry out a Monte Carlo siimmulation for
3 3 Py
the polarimetric emissivities of one-dimensional random rough surfaces with a power- law

spectrumn,

Insimulating the rough surfaces, the surface spectral density function is assumed as

follows:

10
W (ko ky) = g >0 by P8(ke -nky) 6(ky) (13)

n:- 1
where § is the delta-function, and k) = 27/5X is the low-wavenunber cutofl. Here A is the
clectromagnetic wavelength. Independent random numbers with the Gaussian distribution
arc generated for the real and iimaginary parts of cach Fourier comnponent of the suwrfaces
and further weighted by the desired spectral density kj 32 Phe simulated Fourier spectra
arc then transformed to the spatial domain by the ¥IT. Fach simulated surface is five
wavclength long and has 40 samples per wavelength. The surface height between these
sampled points is hnearly interpolated to create a continuous surface profile. Ten surfaces

arc generated, and the factor ¢

¢’ 1s adjusted for the desired rns surface height (o). The
surfaces simulated by this approach arve periodic with the period corresponding to the
low-wavenumber cutofl. To solve the scattering cocllicients of all the reflected Floquet
modes for both horizontally and vertically polarized incident waves, the Method of Moment
with triangular basis for surface tangential ficlds and pulse weighting is used. Once the
scatiering cocflicients are obtained, the Stokes vectors for the emission from the simulated
random surfaces are calculated according to the Kirchhoff’s law. Finally, the average of
the Stokes vectors of these ten realizations is taken to represent the Stokes veetor of the

9
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random surfaces.

Figure 2 illustrates the Stokes paramecters as a function of the azimuth angle ¢ for
nadir viewing (6 = 0 degrees). The rins surface height is A/15, which can be translated
into kgo = 0.419. The diclectric constant of 45 4230 is assuined for the surfeices. The
results talc.ulatex| by using the SPM are in close agreement with those obtained from the
Monte Carlo siinulation. Additionally, it is found t hat the Stokes parameters have a cos 2¢
variation in azimuth for 7} and 7y, sin2¢ for U, and zero for V which arc expected for

nadir viewing, (sce Section V] for detailed explanation).

Figure 3 presents the results for ofl-nadir viewing with 8 = 50 degrees, while other
paramclers arc the samce as those used for Figure 2. Again, excellent agreciment is scen
between the SPM and the Monte Carlo simulation. Note that in Figure 3 sharp transitions
of the Stokes paramecters are observed at many aziimuth angles. Those are caused by the
transition of a particular Floguet mode from radiation to evancscence or vice versa at these

angles, which is a special feature of periodic surface scattering [Yueh et al., 1988].

In Figure 4, we plot the Stokes parameters as functions of the zenith angle § with a
fixed azimuth angle ¢ = 45 degrees. The SPM and the Monte Carlo simulation agree very
well with cach other. For most of 6, the third Stokes parameter, U, is about - 2 degrees

Kelvin, and the fourth Stokes paramecter, V, remains much simaller than U.

Next, we raise the rins surface height to A/10, which is 1.5 times of that uscd for
Figures 2 to 4, and the results are presented in Figures b and 6, respectively, for a fixed
0 or ¢. The signatures observed are essentially the same as those scen in Figures 3 and
4, except that the magnitudes of variation arc incrcased by a factor of 2.25 which is

. . - 2
expected bhecause the correction teris of the coherent reflection coeflicients (]fg[)) and the
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mmcoherent bistatic scattering coeflicients (7;.[7'/:1/) arc both proportional to the variance of

surface height.

1'0 dernonstrate the significance of the corrections introduced by the second-order
coherent field, we illustrate the components of the reflectivity vectors, Iy Iy ¢, and 1,4, in
Figures 7 and 8 for the results presented in Figure 3and 4. Note that the magnitudes
o f incoherent and coherent components of U always increase or decrcasc together, while
carrying a different sign. Inparticular, the total U is always simaller than either one of
them. This snows that it is necessary to include the corrections duce to the second-order
coherent field in the caleulation of the Stokes vector.  Otherwise, significant errors are

expected in the magnitude and the signs of the third Stokes paramecter.

v. Kmission from SImdl-scale scasurfaces

This scetion presents the 1 esults of the application of the SPM to the untilted small-
scale sca surfaces. Although the tilting eflects of the large scale surface variation and
other sca surface features, such as foams, are not considered, we do not expect that the
dircctional signatures of the Stokes vect or predict ed here deviate significantly fromn those

with these features considered.

The small-scale wind-induced surfaces are deseribed by an empirical surface spectrum,
which was proposed by Durden and Vesecky [1985], and was shown to be able to explain
the sca surface backscattering from many aireraft imcasurements. Due to some typograph-
1cal crrors found in their paper, the correct expressions of these formulas are included in
Appendix 1V, The spectrum of the small-scale surface is set to be the samne as that of

the complete spectrum for the wavenumbers above a certain cutofl, and sct to be zero,

1




otherwise. This is a typical approach used by two scale sca surface scattering models. The
cutofl” wavenumber is sclected in such a way that kgo cquals to a valuce of (). 25. Other
cutolfl selections (kgo between 0.2 and ().3) have also be studied, and the signatures remain
simmilar to those of kgo = 0.25. Note that the cutofl wavenumber actually diflers from one
wind speed to another because we hold kgo as a constant for the spectra of al] wind speeds.
Though this mmay not be the best way to select the wavenuinber cutofl; we expect that the
values talc.1]latd from this cutofl sclection give a uscful indication of the signatures o f
sca surface cmissions. In addition, the accuracy of the SI'M can be ensured because the
value 0.25 is smaller thau the values used in the previous section for the verification of the
SPM. The surface spectrumn paramncters reported in [ urden and Vesecky, 1985 are used
in this paper except the parameter ag, which is inercased to 0.008 fromn 0.004 of Durden
and Vesecky in order to have the magnitude of the peak-to peak  variation of 73, and 75
over azimuthangles agreed with those reported by Ftkin et al. [1991) and Wentz [1 992),
andthe values of U corn parable to those shownin [1)zuract al. , 1992). It is believed that
part of this discreparncey in spectral amplitude is duc to the uncertainty of the sca spectra
at high wavenw nbers, whichare1iot yet w c]] understood, and part of that is duc to the

sca sill.face feat ures which are not accounted for inthis pa per.

Figure 9 illustrates the Stokes paramecters as functions of the azimuth angle for four
wind speeds for nadir viewing at f = 19.3 GHz. It can be scen that the directional features
of the Stokes parameters are just like those of one-dimensional surfaces presented in the
previous section, and the magnitude of the azimuthal variation increases as the wind speed

1ICIeases.

InFigures10and 11, we illustrate the Fourier expansion cocflicients of Stokes parain-

cters as functions of wind speeds at various zenith angles with the surface parameters the
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samce as those used for Figure 9. Figures 10(a) shows that for all zemth angles, Ip 1s a
monotonically increasing function of wind speed. However, as shown in Figure 10(h), Qg
is fairly insensitive to the wind speed at near nadir viewing (6 < 20). This suggests that

the Stokes parameter 1 is a better indicator of the wind speed than the parameter Q).

Figure 11 illustrates the cocflicients of the second harmonics as functions of wind
sp ceds. As expected, the magnitudes of Qg and Uy inercase as the wind speed increases,
because of the inercase in swface roughness at higher wind speeds.  Furthermore, Iy is
zero at @ = () degree, and deviates from zero as 8 increases, indicating that the parameter
I is inscnsitive to the wind direction at near nadir angles.  Another interesting feature is
that (29 is approximately equal to the negative of Ug for 8 smaller than 20 d(t;;x'ccs. This
relation will be shown to be exact for 8 = 0 degree in the next section and explains the

azimuthal signatures illustrated in Figure b in [Dzu ra et al., 1992].

In the results presented above, it can be noticed that the wind speed sensitivities of all
the Stokes parameters decrcase as the observation angle 8 incrcases. This is consistent with
the brightness temperatures, 73, and 7%, of sca surfaces mcasured from airerafts [Sasaki ct
al., 1987], and can be explained by the nature of the SPM which assuines a small paramecter
£ = koo cos @ for perturbation expansion. Because thie factor cos @ reaches maximum at
¢ = 0 (or normal incidence), the swrfaces will appear to be rougher clectromagnetically
(larger €) at ncar normal incidence than at large incidence angles. Consequently, the
reflectivities (or emissivities) of the surfaces are more sensitive to the small-scale surface

perturbations at near normal incidence than large incidence angles.

111 summary, the theoretical values of Stokes parameters near nadir angles for simall-
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scale sca surfaces can be approximated as:
I~ a; - g(Urgp)

Q - QO -1 M(Urg.5) cos 2¢
(14)

U -- I(Ujgy)sin 2¢

Ve~
Here, g is a monotonic increasing function (approximately lincar) of the wind speed at
1 9.5 meters (Ugg.p), which is consistent with the aireraft-mcasured wind speed dependence
[Sasaki, 1 987]. In addition, & is also a quasi-lincar function of Ujg g according to the
theoretical results presented inFigure 11, Nevertheless, since the tilting effects of the
large scale surface together with other surface features have not heen considered, and since
the wavenunb er cutofl’ may not be appropriate for all wind speeds, b is likely to he a morce

complicated function of wind speed for actual sca surfaces.

V1. Single-look polarimetric radiometry for wind vector retrieval

This scetion discusses the application of polarimetric radiometry to occan wind vector
retreval and how the polarimetric information can be used to reduce the number of azimuth

looks for spaceborne sensor designs.

Here,we discuss the cases of near nadir viewing because of the very simple form of
the modcl functions desceribed by Equations (4) or (1 4), which allows an casier explanation
of concept. Nevertheless, it is expected that the idea is also app licable to larger incidence
angles, though the general form of model function given by ¥q. (2), whichimplics a niore

complicated inversion prrocedure, has to be considered.

In the following, we derive the functional form of the Stokes parameters at the nadir
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angle by using the antenna coordinate rotation. Specifically, we will show that at nadir
viewing, the Stokes parameters at any azimuth angles arce completely characterized by the
brightness temperatures of horizontal and vertical polarizations (1), and Typ) at ¢ = 0.
Let us assuime that the vertical polarization of the antenma at ¢ = 0 be parallel to the wind
dircction, and at an angle ¢, the vertical polarization makes an angle of ¢ and #/2 - ¢,
respectively, with the vertical and horizontal polarization channcls at ¢ = 0. Thercfore
the horizontally and vertically polarized electrie ficlds at any ¢ can be transformed from
those (2, and Fyg) at ¢ = 0 by the rotation transformation:

Ey(@) = Fyugcos g+ Fygsin ¢

]‘)},(d)) - ]’}1)0 11 qfl - }’)ho COs (]’) N

From the definition of Stokes paramecters, it can be casily shown that the Stokes paramecters

(1)

at any ¢ arc rclated to Tjg and Ty by:
1(¢)
Q(¢) = (Tv0 - Tho) cos 2¢
U(d) = - (Tao - Tho)sin 29

Vig): 0

where the fact that both U and V are zeros at ¢ = 0 have been used in the derivation.

1o -l Th()

(16)

The above relations derived at the nadir angle show that the Stokes paramecters @
and U have a cos2¢ and a sin 2¢ variations, respectively, and 1 is not a function of ¢. In

addition, Fq. (16) confirms the form of model function shown in ¥q. (14) inferred from

theorctical data.

Hence, given the values of Q and U at near nadir angles, we oblain the following

cquation for ¢

U
Q- Qo
15

tan2¢ = (17)




from}¥q. Q 4 ). Note that the above cquation provides four solutions for ¢ forming; a reect-
angular cross within a 360-degree azimuth span. However, two of them can be eliminated
Dy inspecting the sign of U, while the remaining two differ from cach other by 180 degrees.
I'his shows that the streamline of the wind ficld can be uniquely definied with a single-look

configuration by nmicasuri ng the first three Stokes parameters at nea r nadir angles.

Besides the wind direction, the wind speed can be retrieved with various methods:

For example,
Urgs = I 1((Q- Qo)1 U?) (18)
or

Upgn: ¢ 10 - @) (19)

Note that both equations do not require the information of wind direction. However, the
applicability of the Eq. (18) depends on the invertibility of the function i and also on
the wind speed sensitivity of I, while the use of the paramcter 1 for wind speed inversion
1s expected to be straightforward because of its monotonic dependence on wind speed,
indicated in the aireraft measurcinents [Sasaki, 1987] and the results shown in Figure 10(a).
The tradeofl’ for inverting the wind speed is that the parameter 1 is more susceptible to
atmospheric noiscs, while allowing an casy implementation of wind speed inversion. 1n
contrast, though @ and U arc less susceptible to atinospheric noises, the wind speed

dependence of these requires further investigation.

Besides the above inversion scheme which treats T independently of @ and U, the
first three Stokes parameters can be used together to estimate the value of wind speed by
minnnizing the mean square difference of measurements and model function. However, the
optinnum scheme shall depend on the actual form of the model function.
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From the above discussion, we conclude that a single-look polarimetric radiometer is
viable in retrieving the wind vectors with two ambiguous directions with 180¢ apart for €

ranging, from nadir to an angle of up to 20 or 30 degrees.

For the cascs of ofl-nadir viewing, the general form of the model function shown in }ig.
(2) has to be taken into consideration, due to the fact that the odd-harmonics inthe Fourier
expansion Of the Stokes parameters are not expected to be negligible as indicated by the
SSM/I data (6: 53°) [Wentz,1992]. This increases the complexity of wind vector inversion
beeause the equations for wind direction and speed are no longer decoupled. However, this
up-and down-wind asymmetry may actually lead to the unique determination of wind
direction, unlike the cases of ncar nadir angles, where two ambiguities with a 180-degree

diflerence cannot be resolved without, additional information.

V]]. Summary and Discussions

Inthis paper, a sccond-order SPM is presented to analyze the polarimetric emission
fromtwo- dimmensional random rough surfaces with an anisotropic directional sprectrum.
The accuracy of the SPM caleulations was quantified by the Monte Carlo siimulation tech-
nique for the cmission from one- dimensional rough surfaces with a power law spectrum.
Subscq uently, we appoly thie SPM to the small-scale sca surfaces, and derive themodel

function of the Stokes paramcters of sca surface cinission.

Additionally, we proposc a single-look polariimetric radiometer for wind vector re-
tricval. The procedure of inversion is discussed in details for the cases of near nadir angles,
and is shown to be straightforward for implementation. For the cases of ofl-nadir obser-

vations, we expect that the wind direction can be uniquely determined because of the up-

17



and down-wind asymmetry in the model function, though the method of inversion will not

be as straightforward as the cases of near nadir angles.

TTe resul ts of this Paperindicate that the passive polarimetry is a promising technique
for the remote sensing, of occan wind vector. 1 lowever, severalissues not addressed i1y this
paper need further investigation by cither more extended theoret ical analyses or incasure-
ments to determine the model function of Stokes parameters. In this regard, experiments
should be carried out for sca surface cmission at a large range Of observation angles 6 from
() up to 60 degrees, which are important for spacchorne remote sensing applications. In
addition, theoretical analysis should be extended to account for the tilting eflects of large
scale surfaces and other sca surfaces features, such as foains. Another issue is th-c sclection
of the operational frequency band of the radiometer measurcments for occan wind ficld
applications. In other words, the sensitivity of windspeed and direction versus the mi-
crowave frequency should be determined. Finally, the design of a polarimetric radiometer
which is capable of measuring at least the first three Stokes parameters with the required

accuracy and stability should be studied.
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Appendix 1. Polarimetric bistatic scatiering cocflicients

Let us introduce a polarimetric scattering matrix clement f(,ﬁ((), ¢ 0;, ¢7) to deseribe
the scattering from a surface illuninated by a unit-amplitude plance wave with the polar-
ization /3 fromn the direction (6;, ¢;). The polarization component « of the scattered ficld
propagating in the dircction (0, ¢) can be written as

P - “"(”‘“’) Fap(0, 801, 61)

where 1 is the range from the receiver to the scattering target, and kg is the free space

wavenumber.

Given that, the polariimetric bistatic scattering coeflicients can be defined as

471 < f(,ﬁ(o d’ Hza(f’) 11/(0 d) 774”) >

')’aﬂ/ll/(o)ql);ghd)i) : A cos b;

where A is the illuininated arca.
Appendix 11, First-order scattering coeflicients

The coeflicients for the incoherent bistatic scat ering cocflicien s due o the first-order

scaltered ficlds are defined as:

\ 1 1
] (yﬂ/u/(kafykgpkg:i,kyi) : ((,[1?(0 &; 01»4/’ ) /(11/*(0 d’ ()ud’ )
with
ok (k% - )2 ] ko kg ki k
.}1/1 (0 (f) 013‘/)): . zj(] . U)- ( 11‘,1 '[ 'yl'y>
Root kye o kgl Ry Nk kp o ik
060000 PO KD Bty (it )
I"Z - ]\]4 1\11\21 -f IC()]‘I,M k[!l' 1\‘/) ]l"/;i 'I\Tp
2k (k] - k) kikg ( Fyi | g,i}fg,)
;.Z;\,Z Ny A‘é"l; ;l.“. 4 /:]21'

Do, ¢;0:, 61 -

Il‘[’i lf/) k{,i ]C[,

1) Ohe,i (13- I3) 1 . Fepi ko Ky b
F0, 6305, 44) = 527 0 [121 depi - kiky kg < T »3”»3’”
o ] l‘z | I‘OI‘]z '1‘]] 2 kg ]]u M o 7 l‘[n ]‘/' “pi-Kp
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where

ki ko sill 0;
By = Jopi cos
Ryi = Fpisin gy
k- \/I /'1
ISP \/li‘) - k;{'i
kp = kosind
Ry = kpcosd
ky= kpsing
N
ko= KD K2

and ky and ky arc the clectromagnetic wavenumbers of the free space and lower half-space.

Appendix 111. Second-order scattering cocflicients

The correction termms of the colicrent reflection matrix due to the second-order scat-

tered ficld are given as follows:

f’(li . LL]Q- l?g i ?I\zz {]]22 1 - (10 () [:In']zliz
S2g ] k]zzl‘ i -l ]]zz (]p' | ]]zlvz)(u - ]]z)
1 (i ] }
epi hop pihp
.ﬂ(?):*k% k3 3 21;01f,zg. (L“ oy by 3>[ L,,A,,]L]
" Faoit Ry kszi | kélflzi l'/»z p "pz op 1 Ry ke
g - (k]zik/)Q(kg . 1?) (l‘az Ry | !‘1/1 l\u)}
(kp? A lrzka) (ke A kyg) Nbpi kp o kpi &y
i = 130
@, i ok { kaiky? (K - k()
ky ]‘u d ]*()]]zz]‘]l‘u il ]l()]]u ‘2(1[)2 y llzl‘z)(]‘é | ]]z)
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- ]‘7]27'[] o ?,k/,T];/) (_l“'ari _k_.,, | ']“'Zﬂ' !‘U)]

k]zkz -] ]C/IZ ]‘7/71' k/) ]‘t[ll' }C/,

| lf“(lé - lf) [] o ];,/,? (-l\~a,i]cg¢ | .ky,' _]cy>2]}
]“]2(1\2 - ]f]z) k]zkz - lf/,) kpi k/? 'I“'pz' ]C/'

where ki, kyiy Rpiy kziy K1245 Kpy Kz, and &y, are the same as those defined in Appendix 11,

Appendix IV, Empirical sea surface spectrum

The surface speetrum proposed by Durden and Vesecky [1985] for & > k; =2 is given

as

] .
kY- - Sk k K
Wkg): ) S0 0)
where p
.3 bkuf alogy o(k/k;)
( gy )
P(lyp):= 1-1 ¢(1- ¢ Skz) cos2¢
Here, gs: g4 vk? with v= 7.25 x10-5 and ¢ = 9.81.

S(k): agk

The wind speed given at any clevation z can be calculated from wuy by

)

Uy z
J(z) = -~ -
U(z) 0.4 1()g(ZO

where uy 1s related to Zg by
Zo: (0-0000684/1/, -10. ()()4287 1f - 0.000443

The cocflicients of the angular part of the spectrum arce
1- R ‘
.- (» 1\ 2
10 1) - D)
where
().003-1 0.00192U(12.5)
0.00316 [)(12.5)
[ k2SS (e s ar
I R2S(R)dk

1 -

-
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Misprints arc found in the cquations for Zg, ¢, and I i the paper by 1 durden and Vesceky

[1985].
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Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Figure 11

Configuration.

Comparison of the polarimetri ¢ Stokes vectors versus the azimuth angle ¢ cal-
culated by using Monte Carlo simulation and the SPM for onc-dimensional
periodic random rough surfaces with o = A/15 (or kgo = 0.419)for §: 0. The
permitlivit y of the surfaces is 45+ 130, and the surface temperat ure is assumed
tobeTp:= 300 degrees Kelvin.

Samcas Figure 2cxcept for 8= 50 degreces.

Comparison of the polarimetric Stokes vectors versus the 8 calculated by using
Monte Carlo simulation and the SPM for one-dimensional periodic random
rough surfaces with 0 == A/15 (or kgo= 0.419) for ¢ = 45. The permittivity of
the surfaces is 45730, and the surface temperature is assumed tobe 7g= 300
degrees K] vin.

Samec as Figure 2 except for 0:A/1 0 (or kgo = 0.628).
Same as Figure 2 except for 0 : A/1 () (or kgo:- 0.628).

Cohcerent and incohierent reflectivities of 1 -dimensional Hugh sill’f:iccs calcu-
lated by using the S1 M for 8 : 50 degrees. Parameters are the stune as those
used for Figure 2.

Coherent and incolicrent reflectivities of ] -dimensional rough surfaces calcu-
lated by using the s1°M for ¢ :45 degrees. Parameters are the same as those
uscd for Figure 2.

Azimuth dependence of the polarimmetric cinissivities (the Stokes vector nor-
malized by 7%) at nadir viewing. The wavenumber cutofl’ is selected so that
koo = ().25 for the empirical sca surface spectrum. f:= 19.35 GHz. 7= 20
degrees Celsius. Salinity is 35 ?/eo. Permittivity of sca surface is caleulated by
using, the cmpirical formula presented in [Klein and Swift, 1977].

Wind speed dependence of Jpand Qg at 19.35 GHz. Surface paramecters arce
the same as those of Figure 9.

Wind speed dependence of Ig, Qg, and Uy at 19.35 GHz. Surface parameters
arc the same as those of Figure 9.
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